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Abstract 
The burning rate, surface temperature, drag, and extinction conditions of a single char particle moving in a 
gas are computed numerically. The effects of the size and velocity of the particle and of the temperature and 
composition of the gas are examined in the framework of a simple model that includes O2 and CO2 heterogeneous 
reactions and, in some cases, a diffusion-controlled CO oxidation flame in the gas around the particle. In agreement 
with known results, the burning rate is found to increase with the velocity of the particle when the Reynolds number 
of the gas flow ceases to be small. The temperature of the particle increases with the temperature and oxygen mass 
fraction of the gas and is little affected by the size and velocity of the particle, except in the vicinity of extinction. 
The drag coefficient is a decreasing function of the particle size and velocity in the range of Reynolds numbers 
that has been analyzed. The presence of CO2 in the gas may have an important effect on the gasification of small 
particles. 
1. Introduction 
Global kinetic models have been extensively used 
to study the combustion of coal char particles 
Recent semiglobal intrinsic models account for 
effects such as char deactivation due to thermal an-
nealing and ash inhibition and heterogeneities in both 
reactivity and density of the particles, but critical 
reviews make clear that these models are in-
tended to reproduce only major features of the kinetic 
data without directly describing the complexities of 
real processes, such as buildup and migration of sur-
face oxides, inorganic catalysis, or the heterogeneities 
of surface sites, on which, however, they rely. As a 
consequence, the kinetic parameters contained in the 
models must be determined experimentally. 
In the case of pulverized coal combustion, in par-
ticular at the high temperatures and oxygen concen-
trations found when mixtures of oxygen and recircu-
lated flue gas are used, drop tube furnaces and en-
trained flow reactors are the most suitable facilities 
to reproduce in a controlled manner the conditions 
of the particles in practical systems. Accounts of two 
recent experiments of this type, with references to 
previous work, can be found It is not 
straightforward to extract kinetic parameters from the 
measurements of particle size and temperature histo-
ries usually obtained in these experiments, because 
the time evolution of the particles depends not only 
on the assumed kinetic model but also on the rates 
of heat and mass exchange with the gas, the varia-
tion of the gas conditions along the reactor, radiation, 
the combustion mode (evolution of the mean density 
and diameter of the particles), and the unavoidable 
particle-to-particle variations of size and reactivity, all 
of which must be accurately modeled to obtain mean-
ingful results. 
Millimeter-sized coal particles are used in fur-
naces such as spreader stokers, in coal gasifiers, and in 
fluidized bed combustion in particular with 
the recent pressurized combustion technology. Mea-
surements of the devolatilization and char burn times 
of large captive coal particles in a quiescent gas were 
carried out by Essenhigh who also summarized 
results from other investigators Less informa-
tion is available on the combustion of millimeter-
sized particles than on pulverized coal particles, but 
generally these large particles burn more closely as 
shrinking spheres than as constant diameter particles, 
and diffusion rather than chemical kinetics controls 
the burning rate, though external diffusion alone does 
not fully explain the burn time data . Ragland and 
Yang reported mass versus time data for captive 
millimeter-sized coal particles as a function of gas 
temperature, gas velocity, oxygen concentration, par-
ticle size, and coal type. These authors find that the 
char burning rate normalized by the initial mass of the 
particle is insensitive to gas temperature in the range 
from 900 to 1200 K, increases slightly with gas ve-
locity and markedly with oxygen concentration, and 
decreases with particle size. 
The motion of the particles relative to the gas al-
ways has an important effect on the heat and mass 
transfer and on the burning rate of millimeter-sized 
particles, and it may also have a noticeable effect 
for pulverized particles immersed in less gentle flows 
than those found in entrained flow reactors. A suite 
of correlations giving the Nusselt number as a func-
tion of the Reynolds and Prandtl numbers (or the 
Sherwood number as a function of the Reynolds and 
Schmidt numbers) has been used in the literature to 
try to account for the effect of the particle motion in 
a simple approximate manner: for a re-
view. 
More direct attempts at analyzing the flow of 
the gas include the work of Matsui and co-workers 
who experimentally studied the combustion 
of a heated carbon plate subjected to a stagnation 
point flow of air. They determined the activation en-
ergy of the heterogeneous carbon oxidation reaction, 
which is diffusion-controlled at high plate tempera-
tures. Subsequently, these authors considered the ef-
fect on the burning rate of the oxidation of CO in the 
gas phase, which interferes with the heterogeneous re-
action through the consumption of O2 and is affected 
by the presence of water vapor in the air. Adomeit and 
co-workers numerically solved the stagnation 
point flow problem and were able to match Matsui's 
data by taking into account the heterogeneous reac-
tions of O2 and CO2 with C and different approxima-
tions to the gas-phase kinetics, which include frozen 
flow, equilibrium flow, an 18-reaction scheme for the 
oxidation of CO, and the simple rate expression pro-
posed by Howard et al. for this process. 
Blake and Libby extended their previous 
analyses of the combustion of a carbon particle in a 
quiescent oxidizing atmosphere to the case of 
a slow viscosity-dominated flow of gas relative to the 
particle. Their formulation accounts for the heteroge-
neous oxidation of the carbon to CO and includes both 
frozen and flame sheet models of the gas-phase reac-
tions. The burning rate is found to increase due to the 
relative motion of the gas and the particle. Monazam 
and Maloney measured the shape and the ratio of 
drag coefficient to mass of an electrically charged par-
ticle suspended in a charge trap and used Stokes' law 
with factors that depend on the shape of the particle 
to infer the particle's mass and density. 
Musarra et al. used numerical computations 
to study the devolatilization and char oxidation of a 
single particle of pulverized coal in a stream of gas. 
They assumed a creeping flow and a constant gas den-
sity to simplify the computations; used two competing 
reactions to model pyrolysis, with subsequent oxida-
tion of the pyrolysis products to CO2 and H2O; and 
included the heterogeneous reactions (la) and (lb) 
below, with rates given by Field and Mon 
and Amundson Their numerical results show a 
broad reaction region during the combustion of the 
volatile matter and little effect of the oxidation of CO 
during the char gasification period. Ha and Choi 
computed the flow around single burning char parti-
cles of diameter 100 and 150 ijm initially at rest in a 
uniform gas stream for free-stream oxygen mass frac-
tions of 0.1, 0.2, and 0.3 and various gas velocities, 
leading to Reynolds numbers up to 26.1. Using a par-
ticle momentum equation with an approximate drag 
coefficient instead of the drag coefficient that could 
be computed from their numerical results, these au-
thors found that a free particle adapts its velocity to 
that of the gas in a time shorter than the combustion 
time of the particle. 
The purpose of this paper is to extend the analy-
sis of the effect of the flow due to the motion of a 
burning char particle, removing some of the simpli-
fying assumptions that have been made in previous 
works and covering a larger range of particle sizes 
and gas conditions. A simple kinetic model devoid of 
the sophistication commented on above will be used 
to clearly bring out the effect of the flow. The influ-
ences of the size and velocity of the particle and of the 
temperature and composition of the gas on the burn-
ing rate, the particle temperature, the extinction of the 
heterogeneous reactions, and the drag of the particle 
are examined both for a large particle surrounded by 
a CO oxidation flame and for a small particle under-
going O2 and CO2 heterogeneous reactions only. 
2. Formulation 
The following simple model is used in what fol-
lows to study the effect of the motion of a single 
burning char particle relative to the surrounding gas. 
The heterogeneous reactions 
c + ^o2-
c + co2 -
-co, 
2CO, 
( la) 
( lb) 
are taken into account at the surface of the particle, 
and the gas-phase reaction 
C O + ^ 0 2 ^ C 0 2 ( lc) 
is assumed to occur in cases where CO oxidation 
takes place in a diffusion flame around the particle. 
The rates of the heterogeneous reactions (mass of car-
bon consumed per unit surface area and per unit time) 
are 
« i 
m 1 = S i e - £ i / ' R 7 ' s ( p i ' o 2 ) 
m2 = B2e-E2/RTs(pYC02y "2 
where Ts is the particle surface temperature and p , 
YQ2, and YQQ2 are the density and mass fractions 
of oxygen and carbon dioxide of the gas at the sur-
face. The model assumes a shrinking-sphere combus-
tion mode with no heterogeneous reaction inside the 
particle. The porosity of the particle is taken into ac-
count only to the extent that its effect can be included 
in effective values of the pre-exponential factors B\ 
and B2, t n e activation energies E\ and E2, and the 
reaction orders n\ and n2. The gas-phase reaction 
is assumed to be infinitely fast when it occurs. No 
attempt is made to determine the precise conditions 
under which a CO oxidation flame surrounds the par-
ticle. This would require a detailed analysis of the 
ignition and extinction of the gas flame, whose real 
kinetics is known to be complex and much dependent 
on the presence of water vapor in the gas. 
The flow of the gas is quasi-stationary because 
the combustion time of the particle is always large 
compared with the residence and diffusion times of 
the gas. The particle will be assumed to be spherical 
and the gas flow axisymmetric. This flow is com-
puted by solving the mass, momentum, energy, and 
species conservation equations in the quasi-isobaric 
low-Mach-number approximation, in which pressure 
variations appear only in the momentum equation. In 
what follows distances are scaled with the radius of 
the particle, a, the gas velocity, density, and tempera-
ture are scaled with their values in the free stream far 
from the particle, Uoo, Poo, and Too, respectively, and 
the mass fractions of all the species are scaled with the 
mass fraction of oxygen in the free stream, YQ2OO- m 
the absence of gas-phase reactions, the dimensionless 
conservation equations are 
V - ( p v ) = 0 , 
1 , 
p v V v = - V / H V - T \ 
Re 
pT = \, 
p\-YT 
1 
-V- ( JkVr ) , 
(2) 
(3) 
(4) 
(5) 
(6) 
RePr 
pvVYi = -^—V-(pDiVYi) ReSc; 
where i = 0 2 , C 0 2 , CO; x' = /x[Vv + (Vv)T] is the 
nonspherical part of the dimensionless viscous stress 
tensor; the spherical part of the tensor is included in 
the pressure, which is referred to the free stream pres-
sure and scaled with poo U^; \x,k, and D{ are the di-
mensionless gas viscosity, thermal conductivity, and 
mass diffusivities, scaled with their free stream val-
ues /xco, £co, and Z)!CO; and Re, Pr, and Sc; are the 
Reynolds, Prandtl, and Schmidt numbers, 
PoovCOa 
Re 
Pr = 
Sc; : 
M-oo 
Mco cp 
M-oo 
(7) 
Poo Di 00 
where cp is the specific heat of the gas at constant 
pressure, which is assumed to be constant. A common 
power law is assumed for the temperature dependence 
of the dimensionless transport coefficients, 
fji = k = pDi=Tk. (8) 
The variation of the mean molecular mass of the gas 
is neglected in (4). 
When there is an infinitely thin diffusion flame 
in the gas around the particle, Eqs. (5) and (6) can 
be conveniently replaced by transport equations for 
the Schvab-Zeldovich variables and the condition of 
noncoexistence of the reactants. In the equidiffusional 
case Pr = Sc;, these equations are 
1 
pv • VZ; V-(kVZi) 
RePr 
for i = CO, C 0 2 , T, and 
Yo2Yco-
where 
= 0, 
z c o = i c o -
Z c o 2 = Yco2 
ZT = T + y3(Y02 
v g c o ( F 0 2 - l ) . 
+ v g c o 2 < 7 o 2 - i ) , 
1). 
(9) 
(10) 
(11) 
Here v g c o = MCo/(Mo2/2) = 7/4, vg C 0 2 = MCo2/ 
(Mo 2 / 2 ) = 11/4, and y3 = Vg c o ? 3Fo2co/cprco, 
where M; are the molecular masses of the differ-
ent species and qj, is the heat released by the gas-
phase reaction per unit mass of CO consumed. The 
flame sheet, where YQ2 = YQO = 0, is the contour 
Z c o = vgco> w h i c n is determined as part of the solu-
tion of the problem. The CO flame coincides with the 
surface of the particle when Z c o < vgco everywhere 
in the gas. Then Eqs. (9) revert to the forms (5) and 
(6) for an inert gas, and the effect of the CO oxida-
tion appears in the boundary conditions at the surface 
of the particle (Eqs. (21)-(23) below). 
When only the heterogeneous reactions (la) and 
(lb) occur at the surface, the boundary conditions to 
be satisfied at |x| = 1 are 
p\-n = m, v x n = 0, T = TS 
1 
mYo2 
(12) 
mYco, 
Re SCQ 2 
1 
2
 R e S c C 0 2 
ScQ2m2, 
pDo2n-VYo2 = -So2mi, (13) 
— pDCo2n-VYc02 
mYco 
1 
p £ > c o n - V F c o 
niT • 
R e S c c o 
% X ) ) i m l +S(CQ)2m2, 
1 
-kn • V r + q& = Y\m\ + y2m2, 
(14) 
(15) 
(16) 
RePr 
where n is a unit vector normal to the surface 
and pointing toward the gas; Ts is the tempera-
ture of the surface; SQ2 = VQ2/YQ200, SQO2 = 
vC02/Y02oo> %X))i = v(CO)i/ i 'o2co. a n d S(CO)2 = 
V(CO)2/Yo2oo, w i t h VQ2 = (M02/2)/Mc = 4 /3 , 
V C Q 2 = MC02/MC = 11/3, v ( c o ) l = Mco/Mc = 
7 /3 , and V(Co)2 = 2Mco/Mc = 14/3 are stoichio-
metric factors, and 
m\ -
m2--
m\ 
PcoUct 
in2 
PcoUc 
m = m\ + rri2, 
: D a 1 e _ r a i / r s ( / o y o 2 ) " 1 ' 
: D a 2 e - 7 ' a 2 / 7 ' S ( p F c o ) « 2 i (17) 
with the Damkohler numbers 
Da, 
D a 2 : 
O2oo 
1—«1
 T1 
Poo Uo 
B2Y"2 O2oo 
n
l
~
n2Tl ' 
Poo "^co 
and the dimensionless activation temperatures Tai = 
EI/RTOQ and Ta2 = E2/RT00. In the energy bal-
ance (16), qs is the dimensionless heat flux entering 
the solid (scaled with Pco^coCpTco) and the parame-
ters on the right-hand side are y\ = qi/cpToo and 
Y2 = <l2/cx>Too, where q\ and q2 are the heats re-
leased by the heterogeneous reactions ( la) and (lb) 
per unit mass of carbon consumed (q2 < 0 for the en-
dothermic reaction (lb)). 
Radiative transfer between the particle and its sur-
roundings has not been included in the energy bal-
ance (16), which is a significant idealization to be 
kept in mind when interpreting the results of the pa-
per. Radiative boundary conditions are different for 
every practical application of a burning char particle, 
which makes it difficult to account for the effect of 
radiation in a general analysis. 
When there is a diffusion flame in the gas, the 
mass fraction of oxygen is zero between the flame and 
the surface, so that reaction (la) does not occur, and 
the boundary conditions for the Schvab-Zeldovich 
variables at the surface are 
m2Zco 
1 
-kn • V Z c o 
RePr 
= (%X>) 2+ vgco) r a2> 
1 
m2ZCo2 - ^—^.kn • V Z C o 2 1
 RePr L 
= - ( S c o 2 + v gco, ) r a 2, 
(18) 
(19) 
m2Zi • 
RePr 
kn- VZT+qs = (y2-y3)m2, (20) 
in the equidiffusional case. 
When the diffusion flame coincides with the sur-
face of the particle, the effective surface reactions are 
(la) + (lc): C + 0 2 ^ C 0 2 , 
(lb) + 2 x (lc): C + 0 2 -> C 0 2 , 
with the rates (17) of (la) and (lb), respectively. No 
carbon monoxide is left in the gas, and the balances 
(13), (14), and (16) at the surface change to 
THYQ, 
mYCo2 
niT 
1 
2
 RePr 
1 
RePr 
kn • VF02 = ~^-So2m, 
kn-VYC02 =SCOlm, 
(21) 
(22) 
1 
kn-VT + qs 
RePr 
, ^(CO)! \ , / , S(CO)2 
Y\ + K3 p i + [Y2 + K3 )m2. 
"gco "gco 
(23) 
The boundary conditions at the free stream far 
from the particle (x -> 00) are 
P = 0, 1, 
Y02 = l, YC02=Y1, Yco = Y2, 
(24) 
where i is a unit vector in the direction of the 
free stream, and Y1 = YC0200/Y0200 and Y2 = 
^COco/^02co a r e m e free stream mass fractions of 
C 0 2 and CO scaled with the free stream mass frac-
tion of O2. It must be that F2 = 0 when there is a CO 
flame in the gas around the particle or adjacent to its 
surface. 
The problem for the gas phase consists of the ap-
propriate subset of Eqs. (2)-(24). These equations 
must be supplemented with a relation between the 
temperature of the surface, Ts, and the heat flux en-
tering the particle, qs, which appear in (12) and the 
energy balance at the surface, (16) or (20) or (23). 
The variables Ts and qs need not be uniform on the 
surface, and the relation between them, which comes 
from the energy equation for the solid, is not local or 
quasi-stationary in general. If the conduction time in 
the solid, tc = pscsa /ks, where p s , c s , and ks are the 
solid density, specific heat, and thermal conductivity, 
is short compared with the lifetime of the particle and 
the characteristic time of variation of the ambient con-
ditions seen by the particle, then Ts is nearly uniform 
except during an initial period of order fc. The gas 
phase problem can be solved for a given value of Ts 
without using the energy balance at the surface, which 
is used afterwards to determine the surface distribu-
tion of qs. The time evolution of Ts and the dimen-
sionless radius of the particle, a = a/aQ, where OQ is 
the initial radius and the particle is assumed to remain 
spherical during the gasification process, follow then 
from the mass and energy equations 
da _ cs dTs 
— = -(m) and a- — = (qs), dx jcp ax (25) 
where x = (Pco/Ps)(f^cof/ao) i s a dimensionless 
time and (m) and (q$) are the surface-averaged values 
1
 f ! f 
(m) = — / mda and {qs) = — / q$dcj. 
Ait J Ait J |x|=l |x|=l (26) 
The solution of the problem formulated in this sec-
tion depends on the dimensionless parameters 
Re, Pr, Sc ; , X, 
Dax, Da2 , T a i , T&2, n\, n2 
Yl, K2> V3> 
c s /cp, Yi, Y2, Y0200, 
(27) 
where F02C0 determines all the mass stoichiometric 
factors in the equations above. 
For the numerical treatment, the conservation 
equations for the gas phase have been discretized 
using second-order finite differences and solved by 
means of a standard pseudo-transient iterative method. 
The vorticity/stream function formulation equivalent 
to (2) and (3) has been used. 
3. Results and discussion 
3.1. Reference state 
The parameter values Pr = Sc; = l , n , = n 2 = l, 
X = 1/2 are used in what follows. The dimension-
less variables of the previous section allow a concise 
formulation and solution of the problem but are not 
convenient for comparing results for different sizes 
and velocities of the particle and different temper-
atures and compositions of the gas, because these 
magnitudes appear in the scaling factors. In order to 
simplify such comparisons, the following reference 
values and notation are introduced and used to rescale 
the numerical results: 
P c o r = 0.273 kg /m J 
a r = 200 11m 
-tco 
-*cor 
£/< cor • 
-'cor — 
1 m/s , 
1000 K, 
e a - U Uc< Ucc 
(28) 
Here pcor is the density of air at temperature Too, and 
pressure 1 atm. The Reynolds number evaluated with 
the reference values (28) and the viscosity of air at 
temperature T^ is equal to unity. The values of other 
dimensionless parameters in the reference state are 
D a l r = D a 2 r = 2 . 3 x l 0 7 F O 2 c o , 
26.2, Ta2r = 40, y l r = 9.24, y2r = " 1 4 . 3 1 , 
'air 
Y3t = 17.68Fo2co- The values of these parameters at 
any other state at atmospheric pressure, defined by 
6, a, and U, are Re = all/63/2, Da;- = Da;r<9/£/, 
Taj = Tajje, and yj = Yjjd- T n e burning rate of 
the particle scaled with p<x>tUO0ta2 is Ajt(m)a2U/e, 
and the surface temperature scaled with Toot (i.e., in 
units of 1000 Kelvin) is Ts6. 
The formulation of Section 2 is valid for a quies-
cent particle if p.oo/Pooa is used as a velocity scale 
instead of Uoo, which amounts to setting Re = 1 in 
the dimensionless governing equations, and the ve-
locity in the boundary conditions (24) far from the 
particle is replaced by v = 0. When the reference 
values (28) are used for a quiescent particle, only 
6 and a remain as independent parameters, whereas 
u = e3i2/a. 
3.2. Quasi-steady gasification and combustion 
The burning rate is shown in Fig. 1 as a function of 
the surface temperature for 6 = 1.35 (Too = 1350 K), 
a = 50 (a 10-mm particle radius), Y\ = 0 (Fco2co = 
0), and various velocities of the flow and ambient 
oxygen mass fractions. Two curves are shown for 
each case. The smooth curve of each couple gives 
the burning rate in the absence of a gas-phase reac-
tion. The curve with a kink or a dotted segment gives 
the burning rate when CO oxidation occurs in a dif-
fusion flame in the gas around the particle or adjacent 
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. 2 Fig. 1. Burning rate scaled with PoovUoova^ = 1.09 x 
10 -8 kg/s as a function of the surface temperature scaled 
1.35 (Too = 1350 K) and 
a = 50 (10-mm particle radius). In (a), for YQ, 
'2°° ' : 0.23, 
the three couples of curves are, from bottom to top, for a qui-
escent particle, for U = 1 (C/QO = 1 rn/s), and for U = 10 
(f/oo = 10 m/s). In (b), for t/ = 1, the three couples of 
curves are for YQ200 =0.1, 0.23, and 0.35. The upper curve 
of each couple gives the burning rate in the absence of a gas 
flame. 
to its surface. The CO flame coincides with the sur-
face in the low-temperature region of this curve and 
is detached from the surface in the high-temperature 
region. The transition between both regimes occurs at 
a definite surface temperature for a quiescent particle 
but over a range of temperatures, denoted by the dot-
ted segments (not computed) in Fig. 1, for a moving 
particle. This is because the flame around a moving 
particle is not spherical, and detachment does not oc-
cur simultaneously over the whole surface. 
The lowest couple of curves in Fig. la, for a qui-
escent particle, may be compared with the results of 
Blake and Libby Makino and Law and 
Makino The qualitative agreement is good, but 
the burning rate in Figs. 1-4 is always 
higher in the absence of gas flame, and the two curves 
tend to coincide when the heterogeneous reactions 
become diffusion-controlled. These results are conse-
quences of the assumption that pDf = constant made 
in the cited works, which leads to radial profiles of the 
passive scalars independent of the presence and posi-
tion of a gas flame. This assumption is not made here, 
and the two curves of each couple tend to coincide 
only for Ts -> oo. 
The two upper couples of curves in Fig. la show 
that the burning rate increases with the velocity of the 
particle relative to the surrounding gas, which is due 
to the enhanced transfer of reactants from the gas to 
the particle surface. The effect of the flow is some-
what more pronounced in the absence of gas flame, 
and changes the relative position of the curves of each 
couple at the right-hand side of the figure. When a 
CO flame is present, the temperature at which it fully 
detaches from the surface increases slightly with the 
velocity of the particle. Fig. lb shows the effect of the 
oxygen mass fraction Fo2oo o n m e burning rate. 
Global heat and mass transfer rates can be com-
puted from the numerical solutions. The Nusselt num-
ber, equal to the surface averaged conduction flux 
scaled with koo(Ts — Too)/(2a), is given by Nu = 
—2(&n • VT)/(TS — 1) in terms of the dimensionless 
variables of the previous section. Here, as in (26), 
(•) means surface average. The Nusselt number is 
shown in Fig. 2 as a function of the dimensionless 
surface temperature for the same cases as in Fig. 1. 
The large negative values of Nu in Fig. 2 (notice the 
10-fold contraction of the vertical scale) are for cases 
with a CO flame around the particle, for which heat 
reaches the particle by conduction from the flame. 
The Nusselt numbers for cases without a CO flame 
and with a CO flame coinciding with the surface are 
nearly equal to each other. These Nusselt number in-
crease only slightly with the particle temperature and 
markedly with its velocity. The Nusselt number for a 
quiescent particle is not far from the value of 2 corre-
sponding to a gas of constant conductivity in the ab-
sence of radial gasification flow. The conductivity of 
the gas and the gasification rate both increase with the 
particle temperature, but their effects on the Nusselt 
number are opposite and nearly balance each other. 
The increase of the Nusselt number with the veloc-
ity of the particle is in reasonable agreement with the 
Marshall-Ranz correlation Nu = 2 + 0. 6Re1/2Pr1/3 
which gives Nu = 5.39 and 
12.71 for the cases of the two upper couples of curves 
of Fig. 2, for which Pr = 1 and Re = 31.88 and 
318.76, respectively. Similar agreement is found for 
smaller particles, though the numerical results are not 
included in Fig. 2. 
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Fig. 2. Nusselt number as a function of the surface tempera-
ture scaled with 7^. = 1000 K for 6 = 1.35 (7^ = 1350 K) 
and a = 50 (10-mm particle radius). The three curves in the 
lower part of the figure are, from top to bottom, for a qui-
escent particle, for U = 1 (C/QO = 1 rn/s), and for U = 10 
(f/oo = 10 m/s), with a diffusion flame surrounding the par-
ticle. The three couples of curves in the upper part of the 
figure are for cases without CO flame or with a diffusion 
flame adjacent to the surface. 
Fig. 3. Circumferential distributions of dimensionless heat 
conduction flux (—) and mTs (—) on the surface of a par-
ticle for 0 = 1.35, a = 50, Ts = 2, and FQ2OO = 0.23. (a) In 
the absence of gas flame, (b) With a diffusion flame around 
the particle. The curves shown are for a quiescent particle, 
for U = 1 (C/oo = 1 m/s), and for U = 10 (f/oo = 10 m/s), 
increasing from bottom to top, except for the three lower 
curves of (b). 
A Sherwood number measuring the global mass 
transfer rate from the particle to the gas can also be 
computed. When the surface reactions are diffusion-
controlled, the Sherwood number is Sh = (8/3)ReSc 
x {m)/Yo200, where (m) can be extracted from 
Fig. 1. The values of the Sherwood number for the 
highest Ts in Fig. la are Sh = 2.70, 6.04, and 10.96, 
for a quiescent particle, U = 1 and 10, respectively, 
in the absence of a gas flame (and similar values are 
obtained for cases with a gas flame). These results 
are in qualitative agreement with the Marshall-Ranz 
correlation. 
The circumferential distributions of the first two 
terms on the right-hand side of (16), at the surface of 
the particle, are shown in Fig. 3 for cases with and 
without a gas flame. The first term of (16) is propor-
tional to the gasification rate, and the second term is 
the dimensionless heat conduction flux from the sur-
face to the gas. The first term is smaller than the sec-
ond but not much smaller, meaning that gasification 
has an influence on the energy balance at the surface 
and on the flow around the particle. The heat flux and 
the gasification flux are maxima at the leading stagna-
tion point. They decrease monotonically with distance 
along the circumference when the velocity of the par-
ticle is small, while they reach a minimum and then 
increase in the rear part of the particle when its ve-
locity is larger. These differences can be traced to the 
structure of the flow around the particle. 
Fig. 4 shows some isotherms and streamlines of 
the flow for a few selected cases. Figs. 4a-4d are for 
cases without a gas flame. The isotherms are nearly 
spherical in Fig. 4a, for small particle size and ve-
locity, but they become elongated in the direction of 
the flow, and the dividing streamline approaches the 
surface, when the velocity or the size of the particle 
increases (Figs. 4b and 4c). Fig. 4d shows an abrupt 
separation of the flow at Re = 318.76, leading to a 
large region of relatively intense and cold recirculat-
ing flow that extends downstream beyond the bound-
ary of the figure. This recirculating flow impinges on 
the rear part of the particle and causes the increase 
of the heat flux and gasification rate seen in Fig. 3. 
Figs. 4e and 4f are for the same particle size and ve-
locities as in Figs. 4c and 4d, but with a CO flame 
present in the gas. As can be seen, the flame is de-
formed by the flow but does not change much the 
shape of the streamlines or the general appearance of 
the isotherms. 
Not all the regimes found by assigning an arbitrary 
value to the surface temperature are easily attainable 
for a free burning particle, because there are condi-
tions of the gas for which (qs) in (26) is negative for 
any Ts, meaning that the particle requires a continu-
ous supply of heat to burn under such conditions. In 
an attempt to rule out these irrealistic cases, compu-
tations of the gas-phase flow have been repeated with 
the surface temperature chosen to satisfy the condi-
Fig. 4. Isotherms (upper part of each figure) and streamlines of the flow around a particle for 6 = 1.35, Ts = 2, YQ, 
'2°° ' = 0.23, 
and (a) a = 1, U = 1 (a = 200 jam, C/QO = 1 m/s, Re = 0.64); (b) a = 1, U = 10 (a = 200 jam, C/QO = 10 m/s, Re = 6.38); 
(c) and (e) a = 50, U = 1 (a = 10 mm, C/QO = 1 m/s, Re = 31.88); and (d) and (f) or = 50, £/ = 10 (a = 10 mm, C/QO = 10 m/s, 
Re = 318.76). The thick curve in (e) and (f) is the CO flame. No gas flame exists in (a)-(d). 
tion 
<tfs>=0. (29) 
As will be seen in Section 3.4 below, numerical com-
putations using Eqs. (25) for the solid show that con-
dition (29) is approximately satisfied during most of 
the burning process. 
Fig. 5a shows the burning rate as a function of the 
ambient temperature, 9 in (28), for different sizes (a) 
and velocities (U) of the particle, and different oxy-
gen mass fractions in the free stream. As in Fig. 1, the 
upper curve of each couple gives the burning rate in 
the absence of gas flame and the lower curve gives the 
burning rate when a diffusion-controlled CO flame 
exists around the particle or adjacent to its surface. 
This latter regime is not often realized when condi-
tion (29) is imposed. In Fig. 5a it is obtained only in 
the lowest two curves, which correspond to a parti-
cle of radius a = 200 urn, for which the existence of 
a CO flame is doubtful anyway 
The burning rate in Fig. 5a increases with the am-
bient temperature 9 in the vicinity of extinction and 
in a range of moderate values of 9, but the depen-
dence becomes weaker when 9 increases. This re-
sult agrees with the experimental findings of Ragland 
and Yang [16] and reflects the heterogeneous reac-
tions rapidly becoming diffusion-controlled when 9 
increases, and the only dependence of (m) on 9 be-
ing through the temperature variation of the transport 
coefficients. Results for the diffusion-controlled limit, 
in which the conditions YQ2 = YQQ2 = 0 replace the 
first two equations (17) at the surface, rapidly be-
come indistinguishable from those of Fig. 5a when 
9 increases. The results for diffusion-controlled reac-
tions have not been displayed in order not to clutter 
the figure. Fig. 5a also shows that the burning rate 
increases with the velocity of the particle, specially 
for large particles (compare curves 1 and 2 for a par-
ticle of radius a = 200 urn with curves 3 and 4 for 
a = 10 mm), and with the oxygen mass fraction. The 
extinction value of 9 below which vigorous burning 
does not occur slightly increases with the velocity of 
the particle. 
The temperature of the particle, Ts9, is given in 
Fig. 5b for the cases of Fig. 5a. As can be seen, when 
9 increases Ts9 tends to increase linearly with it and 
to become independent of the size and velocity of 
the particle and of the presence of a CO flame in 
the gas. The particle temperature branches from this 
common linear relationship when 9 decreases, with 
small and fast-moving particles branching earlier. In 
the absence of a CO flame, Ts9 decreases faster than 
linearly with 9, rapidly leading to extinction. With a 
CO flame present, Ts9 decreases less than linearly be-
cause the exothermic flame approaches the surface, 
and even coincides with it, when 9 decreases. The 
very high surface temperatures on the right-hand side 
of Fig. 5b are a consequence of neglecting radiative 
heat transfer. 
The shape of the flame sheet is shown in Fig. 6 for 
a few sample cases. The distance from the flame to 
the leading part of the surface increases with the am-
bient temperature and the oxygen mass fraction in the 
gas (YQ200), and decreases when the velocity of the 
particle increases. The effect of the ambient temper-
ature is to increase the gasification rate; see Fig. 5a. 
2 r 
Fig. 5. (a) Burning rate scaled with p0orU00ra^a as a func-
tion of the ambient temperature 6 scaled with 7 ^ for the 
following sets of parameter values. 1: a = 1, YQ200 =0 .1 , 
U = 1; 2: a = 1, Y0 ^ = 0.1, [/ = 10; 3: a = 50, 
* 0 
'2°° ' 
J200 
:0.1, C/ = l ;4 : a = 50, Y0, 
- 50, F 0 
'2°° ' = 0.1, U = 10; and 
'2°° ' : 0.23, t/ = 1. The upper curve of each 
couple gives the burning rate in the absence of gas flame. 
This curve has been omitted in case 1 to avoid cluttering the 
figure. The dashed segments of curves 1 and 2 are for a CO 
flame coinciding with the surface of the particle. Because of 
the factor a introduced in the scaling of the burning rate, this 
is divided by 50 in cases 3-5. (b) Surface temperature as a 
function of the ambient temperature, both scaled with 7 ^ , 
for the same cases of (a). Letter / indicates results with a 
CO flame in the gas and letter s results with heterogeneous 
reactions only. 
The effect of YQ200 can be understood noticing that 
the temperature and the mass fraction of CO2 at the 
flame increase with YQ200; this increases the fluxes of 
heat and CO2 reaching the surface of the particle, and 
Fig. 6. Flame sheet around a particle for a = 50 and 
(7o2oo,^) = (0.1,1) (curve 1), (0.1, 10) (curve 2), 
and (0.23, 1) (curve 3). In (a) 6 = 3 (Too = 3000 K); 
in (b) 0 = 1.35(700 = 1350 K). 
therefore its temperature and the rate of gasification 
through the endothermic reaction (lb) (which may be 
diffusion-controlled). The increased gasification flux 
pushes the flame away from the surface when either 
7Q2OO o r m e ambient temperature increases. 
The shape of the flame at the rear part of the par-
ticle shows a more complex dependence on the con-
ditions of the flow. At high ambient temperatures, of 
which Fig. 6a is an extreme case, the rearmost point 
of the flame shifts upstream when Fo2oo increases or 
the velocity of the particle decreases. The feedback 
between the flame and the surface is weaker here than 
in the leading part of the particle because the distance 
between the two is larger. Under these conditions, 
the upstream shift of the flame with increasing Fo2oo 
reflects the effect of the increased diffusion flux of 
oxygen toward the flame. At lower ambient temper-
atures, on the other hand, the rear part of the flame 
shifts downstream when Fo2oo increases (compare 
flames 1 and 3 in Fig. 6b) and becomes increasingly 
deformed when the velocity increases. The first re-
sult shows that the increase of the total gasification 
rate with YQ200 (compare curves 3 and 5 in Fig. 5a) 
overcomes the increased oxygen diffusion flux toward 
the flame. The effect of the particle velocity can be 
explained by reference to Fig. 4f. The strong recir-
culating flow that exists behind the particle when the 
combination of a high velocity and a moderate am-
bient temperature leads to a high Reynolds number 
pushes the flame toward the rear part of the particle. 
Leaving aside cases with strong recirculation, the 
distance from the rearmost point of the flame to the 
surface (not displayed) first increases with the ambi-
ent temperature 9, reaches a maximum at a certain 9, 
and then decreases slightly. The initial increase may 
be due to the increase of the gasification rate with 0 at 
moderate values of 6; see Fig. 5a. The final decrease 
may be due to the increase of the transport coefficients 
with temperature. 
The pressure and viscous forces acting on the sur-
face of the particle, together with the flow of momen-
tum accompanying gasification, lead to a drag that 
opposes the motion of the particle. In dimensionless 
variables, the drag scaled with pooU^a2 is given by 
the integral 
D= / l - ( ^ + — j n + t ' n l i d c r , (30) 
|x| = l 
where the term — (n • i)m2/p is the contribution of 
the gasification. The dimensionless drag divided by 
0 = T00/T00r is given in Fig. 7 as a function of the 
ambient temperature. In Fig. 7a, for particles of ra-
dius a = 10 mm, the rescaled drag does not depend 
much on the ambient temperature, except in the vicin-
ity of extinction, and decreases when the velocity of 
the particle increases (though the dimensional drag 
increases with velocity). For given values of the pa-
rameters, the drag is little affected by the presence of 
a CO flame in the gas. The largest effect of the flame 
occurs for Fo2oo = 0.23 (solid curves), for which its 
presence causes a slight decrease of the drag. Larger 
values of the dimensionless drag and of its sensitiv-
ity to the ambient temperature and to the velocity of 
the particle are found for small particles; see Fig. 7b 
for a = 200 urn, where only cases without gas flame 
have been included, as the existence of a flame around 
these small particles is doubtful. In summary, and in 
agreement with expected tendencies, the results show 
a larger influence of the Reynolds number (of the vis-
cosity and its variation with temperature) on the di-
mensionless drag in the cases of Fig. 7b, for which 
Re is of order unity or small, than in the cases of 
Fig. 7a, for which Re ranges from about 10 to some-
what above 500. 
3.3. Cases with heterogeneous reactions only 
The influence of the size and velocity of the parti-
cle on the surface-averaged gasification rate (see (26)) 
and particle temperature in the vicinity of extinc-
tion is illustrated in Fig. 8 for small particles with-
out gas flame. (Only genuine extinctions are consid-
ered; quasi-extinction events depending on a transi-
tion from zone II to zone I combustion are 
beyond the scope of the model used here.) The solid 
curves in Fig. 8 are for quiescent particles and show 
the well known increase of the extinction temperature 
when the size of the particle decreases. This is due to 
Fig. 7. Drag of a particle scaled with p0oU%0a26 as a 
function of the ambient temperature scaled with 7 ^ . 
In (a) a = 50 and (FQ2OO, U) = (0.23, 1) ( - ) , (0.1,1) (---), 
and (0.1,10) (• • •). Letter / indicates results with a CO flame 
in the gas and letter s results with heterogeneous reactions 
only. Both results are indistinguishable for the dotted curves 
in the lower part of the figure. In (b), for a = 1 and heteroge-
neous reactions only, (YQ200, U) = (0.23, 1) (upper solid), 
(0.23,10) (lower solid), (0.1,1) (upper dashed), and (0.1,10) 
(lower dashed). 
the decrease of the diffusion time and the Damkoh-
ler number with the size of the particle, so that higher 
ambient temperatures are required to keep the surface 
reaction going for small particles than for large par-
ticles. The motion of the particle increases both the 
gasification rate and the extinction temperature, but 
these effects are felt only when the Reynolds num-
ber of the flow around the particle ceases to be small, 
which requires higher velocities for small particles 
than for large particles. Thus the solid and dashed 
curves of Fig. 8, for a quiescent particle and for 
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Fig. 8. (a) Surface-averaged gasification rate scaled with 
PoorUooY = 0.273 kg/(m2s) as a function of the ambient 
temperature scaled with 7 ^ = 1000 K. (b) Surface temper-
ature as a function of the ambient temperature, both scaled 
with Toor, for F0 
'2°° : 0.23, FC0 '2°° = 0, and several val-
ues of a. (—) are for a quiescent particle, (—) for U = 1, 
and (• • •) for U = 10. (- - -) and (• • •) are shown only for the 
two extreme cases a = 0.2 and 1. 
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Fig. 9. Gasification rate scaled with po0xU00xa^a as a func-
tion of the surface temperature scaled with 7 ^ , for 6 = 1 
( ^ = 1000 K), Fo2oo = 0.23 (in (a)) and 0.35 (in (b)), and 
various values of a and U. The four curves of each set are 
for Fco2oo — 0, 0.2, 0.4, and 0.6, increasing from bottom to 
top as indicated by the curved arrows. 
U = 1, respectively, nearly coincide with each other 
for the smallest particles but are clearly distinguish-
able for the largest particles. A velocity of 10 m/s 
would be required for the flow to have a noticeable 
effect on a particle of radius 40 urn, but such a com-
bination of high velocity and small particle size is not 
realistic. 
Under many conditions of interest for pulverized 
coal combustion, the oxidation of CO to CO2 oc-
curs in a large scale flame collectively fed by many 
gasifying particles. Individual particles move in a gas 
containing O2 and CO2, among other species, and un-
dergo only heterogeneous reactions at their surfaces. 
The mass fraction of CO2 in the gas may be large for 
applications of oxy-fuel combustion with CO2 recy-
cling, for which the reactions (la) and (lb) operate in 
tandem. The gasification rate of a particle under these 
conditions is given in Fig. 9 as a function of the par-
ticle temperature for different values of its radius and 
velocity and of the mass fractions of O2 and CO2 in 
the gas. The two steps of the curves reflect the consec-
utive transitions of reactions (la) and (lb) from frozen 
to diffusion-controlled. The second reaction comes 
into play only at high temperatures, due to its high 
activation temperature, leading to the branching of the 
curves for different CO2 mass fractions from a com-
mon curve at low temperatures, when only reaction 
(la) is active. The gasification rate increases with the 
size and velocity of the particle. The ratio of the gasi-
fication rate of a moving particle to its value when the 
particle is at rest increases, and the second step of the 
curves shifts to lower temperatures, when the size of 
the particle increases. Since the CO2 reaction (lb) is 
endothermic, not all the diagrams of the type of Fig. 9 
give states that are easily attainable for a free particle, 
for the reasons already mentioned in connection with 
Fig. 1. Thus, although results for Fo2oo =0 .1 have 
the same general appearance as those in Fig. 9 (ex-
cept for a lower first step), an energy balance reveals 
that energy should always be supplied from outside 
because the heat released by the O2 reaction (la) is 
not sufficient to make up for the heat absorbed by the 
CO2 reaction (lb) and the particle conductive losses 
in an atmosphere at T^ = 1000 K. 
The gasification rate determined using condition 
(29) instead of assigning an arbitrary value to the sur-
face temperature, is shown in Fig. 10. As in Fig. 5a, 
the gasification rate increases with the size and ve-
locity of the particle and with the mass fraction of 
oxygen in the gas, and reaction (la) rapidly becomes 
diffusion-controlled when the temperature increases. 
At high temperatures, the gasification rate also in-
creases with the mass fraction of carbon dioxide, but 
the effect of this variable decreases when the ambi-
ent temperature decreases. In particular, the extinction 
conditions are in most cases independent of the mass 
fraction of CO2. The temperature of the particle (not 
displayed) increases with the ambient temperature of 
the gas, decreases with the mass fraction of CO2, and 
is nearly independent of the size and velocity of the 
particle. 
3.4. Time evolution of the particle radius and 
temperature 
Once the gasification rate is known as a function 
of the conditions of the gas and the size and temper-
ature of the particle, Eqs. (25) can be used to find 
the time evolution of the particle radius and temper-
ature. These equations have been solved with the ini-
tial conditions a = 1 and Ts set to satisfy (29) at the 
initial time. Solutions for different, constant condi-
tions of the gas are shown in Figs. 11 (dimension-
less radius) and 12 (dimensionless temperature). Only 
cases without CO gas flame are considered, and the 
common dimensionless time f = Poor^oor^/Ps«o — 
xO/U (cf. (28)) is used to compare solutions for dif-
ferent velocities and ambient temperatures. In all the 
cases computed, the temperature of the particle is 
nearly constant and the square of its radius decreases 
nearly linearly with time during most of the gasi-
fication process, which reflects diffusion-controlled 
heterogeneous reactions. At low ambient tempera-
tures (Too = 1000 K, Figs. 11a and 12a), the en-
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Fig. 10. Gasification rate scaled with pooxUOQxa^a as a 
function of the ambient temperature scaled with 7 ^ , for 
YQ200 = 0.23 (in (a)) and 0.35 (in (b)), and various values 
of a and U. The four curves of each set are for lco2oo — 0> 
0.2, 0.4, and 0.6, increasing from bottom to top. 
dothermic CO2 reaction contributes little to the gasi-
fication when YQ 2 0 0 : 0.23, but it still reduces the 
temperature of the particle and precipitates extinc-
tion, especially at high particle velocities; see the 
two couples of curves in the lower part of Fig. 12a 
and the nearly indistinguishable curves of the two 
upper couples in Fig. 11a. The effect of the CO2 
reaction is slightly larger for Fo2oo — 0.35 (lower 
couple of curves in Fig. 11a), leading to a gasifi-
cation rate that increases with the concentration of 
CO2 in the gas. The particle temperature is higher 
(upper couple of curves in Fig. 12a) and the gasi-
fication is faster than when YQ200 = 0.23. In addi-
tion, the rate of the CO2 reaction (lb) declines now 
slightly before the final extinction, leading to a rise 
of the particle temperature immediately before its fi-
0 I 1 ^ L 
0 1 2 
0 1 2 
T 
Fig. 11. Radius of the particle scaled with its initial 
value CIQ = ar = 200 urn as a function of time scaled 
with (ps/Poor)ao/uoor for 6 = 1 (a) and 1.35 (b), and 
(^02oo, U) = (0.23,1) (—), (0.23, 10) (---), and (0.35, 1) 
(•••)• The upper curve of each couple is for Fco2oo — 0 and 
the lower curve for Fco2oo =0.4. 
nal fall (Fig. 12a). At higher ambient temperatures 
(Too = 1350 K, Figs, l ib and 12b), the presence of 
CO2 in the gas increases the gasification rate and in-
duces a rise and fall of the particle temperature at the 
end of the process for any value of the oxygen mass 
fraction. The size of the unburnt particles left when 
extinction occurs decreases when the ambient tem-
perature increases, whereas the total gasification time 
decreases only slightly. 
The results of this section change very little when 
the second equation (25) is replaced by (29). This 
shows that the thermal inertia of the particle does not 
play an important role in the gasification process, at 
least if condition (29) is fulfilled initially, and justi-
fies the use of this condition in the previous sections. 
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Fig. 12. Surface temperature scaled with 7 ^ as a func-
tion of time scaled with (ps/Poor)«o/^oor for 6 = 1 (a) and 
1.35 (b), and (FQ2OO, U) = (0.23, 1) ( - ) , (0.23, 10) (---), 
and (0.35, 1) (• • •). The upper curve of each couple is for 
Fco2oo — 0 and the lower curve for lco2oo = 0.4. 
4. Conclusions 
The effect of the motion of a burning coal particle 
relative to the surrounding gas has been investigated 
numerically, taking into account the heterogeneous 
reactions C + ( l /2 )0 2 - • CO and C + C0 2 - • 2CO 
at the surface of the particle and the gas-phase re-
action CO + ( l /2 )0 2 - • C0 2 in cases where CO 
oxidation occurs in a diffusion flame around the par-
ticle. Arrhenius kinetics is assumed for the heteroge-
neous reactions and the gas-phase reaction is taken 
to be infinitely fast when it occurs. Particle radii in 
the range 40 um-10 mm and particle velocities in 
the range 0-10 m/s have been considered. Depend-
ing on the ambient temperature, this leads to Reynolds 
numbers of the particle-to-gas relative motion up to 
about 1000. 
The burning rate increases with the velocity of the 
particle due to the flow-enhanced transfer of reactants 
between the gas and the surface. The temperature of 
the particle is nearly independent of its size and veloc-
ity, except in the vicinity of extinction, and increases 
with the temperature and oxygen concentration of the 
gas. The extinction temperature increases with the ve-
locity of the particle when the Reynolds number of the 
relative flow is not small, and decreases when the size 
of the particle increases. 
When a CO flame surrounds the particle, the dis-
tance from the flame to the leading part of the surface 
increases with the ambient temperature and oxygen 
mass fraction, and decreases with the velocity of the 
particle. The shape of the flame in the rear part of the 
particle and its elongation in the streamwise direction 
show a more complex dependence on these parame-
ters, reflecting the changes of the flow pattern in the 
wake of the particle. 
The drag coefficient of a burning particle is a de-
creasing function of the particle size and velocity, ow-
ing to the effect of these parameters on the Reynolds 
number, and depends little on the presence of a CO 
flame around the particle. 
The presence of CO2 in the gas around a small par-
ticle has an important effect at high gas temperature, 
for which the endothermic high activation energy het-
erogeneous reaction C + CO2 -> 2CO increases the 
gasification rate and decreases the particle tempera-
ture. The minimum ambient temperature at which this 
reaction comes into play decreases when the size of 
the particle increases. 
Time histories of the size and temperature of small 
gasifying particles show that the gasification time and 
the size of the particle at extinction decrease when 
the ambient temperature and oxygen mass fraction in-
crease. The particle temperature changes little during 
most of the process and the thermal inertia of the par-
ticle does not play an important role. 
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